JOURNAL OF VIROLOGY, Mar. 1999, p. 2181-2192
0022-538X/99/$04.00+0

Vol. 73, No. 3

Capsid Structure of Simian Cytomegalovirus from Cryoelectron

Microscopy: Evidence for Tegument Attachment Sites

BENES L. TRUS,* WADE GIBSON,?> NAIQIAN CHENG,' anp ALASDAIR C. STEVEN'*

Laboratory of Structural Biology, NIAMS," and Computational Bioscience and Engineering Laboratory, CIT,?
National Institutes of Health, Bethesda, Maryland 20892, and Virology Laboratories,
Johns Hopkins School of Medicine, Baltimore, Maryland 21205>

Received 9 September 1998/Accepted 16 November 1998

We have used cryoelectron microscopy and image reconstruction to study B-capsids recovered from both the
nuclear and the cytoplasmic fractions of cells infected with simian cytomegalovirus (SCMV). SCMYV, a repre-
sentative betaherpesvirus, could thus be compared with the previously described B-capsids of the alphaherpes-
viruses, herpes simplex virus type 1 (HSV-1) and equine herpesvirus 1 (EHV-1), and of channel catfish virus,
an evolutionarily remote herpesvirus. Nuclear B-capsid architecture is generally conserved with SCMV, but it
is 4% larger in inner radius than HSV-1, implying that its ~30% larger genome should be packed more tightly.
Isolated SCMYV B-capsids retain a relatively well preserved inner shell (or “small core”) of scaffolding-assem-
bly protein, whose radial-density profile indicates that this protein is ~16-nm long and consists of two domains
connected by a low-density linker. As with HSV-1, the hexons but not the pentons of the major capsid protein
(151 kDa) bind the smallest capsid protein (~8 kDa). Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis showed cytoplasmic B-capsid preparations to contain proteins similar in molecular weight to the basic
phosphoprotein (~119 kDa) and the matrix proteins (65 to 70 kDa). Micrographs revealed that these particles
had variable amounts of surface-adherent material not present on nuclear B-capsids that we take to be tegu-
ment proteins. Cytoplasmic B-capsids were classified accordingly as lightly, moderately, or heavily tegumented.
By comparing the three corresponding density maps with each other and with the nuclear B-capsid, two inter-
actions were identified between putative tegument proteins and the capsid surface. One is between the major
capsid protein and a protein estimated by electron microscopy to be 50 to 60 kDa; the other involves an elon-
gated molecule estimated to be 100 to 120 kDa that is anchored on the triplexes, most likely on its dimer sub-
units. Candidates for the proteins bound at these sites are discussed. This first visualization of such linkages
makes a step towards understanding the organization and functional rationale of the herpesvirus tegument.

Herpesvirus form an extensive family of DNA viruses, whose
host range encompasses much of the animal kingdom. They
are classified into three subfamilies alpha-, beta-, and gamma-
herpesviruses, on the basis of biological properties [53]. De-
spite this diversity, their assembly pathway is closely conserved:
the nucleocapsid is formed in the nucleus and follows a path-
way that bears a marked resemblance to those of DNA bacte-
riophages (8, 14). First, a procapsid is assembled, which then
releases its morphogenic internal scaffolding protein and be-
comes filled with DNA, concomitant with a major conforma-
tional transition of the capsid shell. Subsequent events, how-
ever, are not phage-like. The nucleocapsid exits the nucleus
and acquires its tegument (53) and lipoprotein envelope. The
latter events remain a focus of active research and some con-
troversy (see, for example, references 13, 26, 51, and 63).

Although virion assembly is a continuous sequential process,
several kinds of capsids have been identified as representing
stable endpoints or long-lived states. They include A-capsids,
empty shells thought to arise from abortive attempts to pack-
age DNA or its aberrant release; C-capsids, which are filled
with DNA; and B-capsids, which contain internal proteins but
little or no DNA (for reviews, see references 28, 49 and 62).
“B-capsid” refers either to an intranuclear capsid visualized in
situ that contains internal material with different staining prop-
erties from the DNA in C-capsids (which we interpret as main-
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ly scaffolding-assembly protein) or to a capsid isolated from the
nuclear fraction that contains scaffolding proteins but little or
no DNA. Here, we relax the requirement for nuclear prove-
nance and refer to nuclear and cytoplasmic B-capsids, respec-
tively. It now appears that there are several kinds of B-capsids.
“Large-cored” B-capsids correspond to the normally short-
lived and infrequently observed procapsid (42, 47). “Small-
cored” B-capsids (49) derive from large-cored B-capsids and
have a mature surface shell. It remains unclear whether these
particles represent an assembly intermediate or an abortive
byproduct (56) or how many subclasses they may comprise.

As noted above, herpesvirus capsid assembly is a conserva-
tive process. The current paradigm is that the surface shell is a
T=16 icosahedron containing three essential proteins. Nine
hundred sixty copies of the major capsid protein (M, = 120,000
to 155,000, depending on the virus) make up 150 hexons and 12
pentons. The other two proteins form the triplexes, complexes
that are present on the outer surface at the 320 sites of local
threefold symmetry and have an «,f stoichiometry (43). Typ-
ically, the a-protein has a mass of 33 to 35 kDa, and the mass
of the B-protein is either similar or in the 50-kDa range (10).
Most herpesvirus capsids also contain an additional low-mo-
lecular-weight protein that binds around the rims of hexons but
not to pentons (11, 65, 72, 73).

The above account owes most to observations relating to
herpes simplex virus type 1 (HSV-1), the archetypal alphaher-
pesvirus. However, one property of herpesviruses that does not
suggest an immutable capsid structure is their variation in
genome size, which ranges from ~120 to ~230 kbp (18). Be-
taherpesviruses account for three of the eight herpesviruses
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known to cause disease in humans and include the cytomega-
loviruses (CMVs), which have the largest of all known herpes-
virus genomes (4). Although the overall structure of the her-
pesvirus capsid appears to be conserved, it has not been clear
whether there are features specific to each subfamily. To inves-
tigate this possibility, we have used cryoelectron microscopy to
study isolated capsids of simian CMV (SCMV), a close and ex-
perimentally more tractable relative of human CMV (HCMV)
[24].

A second motivation for this study was that it might offer
insight into tegumentation. Nonenveloped capsids have been
observed in significant numbers in the cytoplasms of cells in-
fected with CMV (57) and appear to be at least partly tegu-
mented (24, 30). We have noticed that, late in the infection of
cultured cells with SCMV, B-capsids appear in the cytoplasmic
fraction, and these cytoplasmic B-capsids differ from nuclear
B-capsids in several respects, including their state of tegumen-
tation. Here, we characterize the structures of nuclear and
cytoplasmic B-capsids at a resolution of ~2.2 nm and, by quan-
titative comparison between them, identify sites of tegument
attachment.

MATERIALS AND METHODS

Virus, cells, and capsid preparation. The Colburn strain of SCMV was grown
in human foreskin fibroblasts prepared and infected as described earlier (24).
Much of the capsid recovery procedure has also been described (33). In brief, 5
days after infection when the cytopathic effect was extensive and many cells were
beginning to detach and float, all cells (~5 X 107) were scraped into the medium,
collected by centrifugation (1,500 X g, 5 min, 4°C), and suspended in PB buffer
(150 mM NaCl, 40 mM phosphate; pH 7.4) containing 0.5% Nonidet P-40
(NP-40; BDH Laboratory Supplies, Poole, United Kingdom), at 1.0 X 10® cells
per ml. After 5 min on ice, the detergent-treated cells were subjected to centrifu-
gation (1,500 X g, 5 min, 4°C), yielding a supernatant (NP-40 cytoplasmic frac-
tion) and pellet (NP-40 nuclear fraction). The NP-40 nuclei were suspended in
1.5 ml of PB and lysed by 10 passages back-and-forth through a hypodermic
syringe with a 23-gauge needle. After clearing the lysate of particulate material
by centrifugation (16,000 X g, 2 min, 4°C), the resulting supernatant and the
NP-40 cytoplasmic fraction were subjected to rate-velocity sedimentation in
sucrose gradients (15 to 50% sucrose [wt/wt] in PB buffer; 40,000 rpm, 20 min,
4°C; Beckman SW41 rotor). After centrifugation, light scattering bands were
observed in both gradients at the position corresponding to B-capsids (24). These
bands were collected by aspiration through the wall of the centrifuge tube,
diluted 1:1 with PB buffer, and concentrated by pelleting (35,000 rpm, 2 h, 4°C;
SW41 rotor).

Protein analysis. Capsid proteins were separated by sodium dodecyl sulfate-
polyacrylamide electrophoresis (SDS-PAGE), essentially as described previously
(39) but with a Tris-Tricine buffer system (54) and a 10 to 20% gradient gel (No-
vex, San Diego, Calif.). Samples of the same nuclear and cytoplasmic B-capsid
preparations used for cryo-electron microscopy and image reconstruction were
subjected to SDS-PAGE (150 V for 60 min). Proteins were stained with Coo-
massie brilliant blue; the gel was then destained, dried, and digitized by optical
scanning. Stained proteins were quantified by using the Quant mode of MacBas
2.5 software (Fuji Film Co., Tokyo, Japan) after the linear range was established
with an optical density wedge.

Cryoelectron microscopy. Immediately prior to specimen preparation, capsid
suspensions at a 1- to 2-mg/ml protein concentration were vortexed for 30 s on
a G-560 Vortex (Daigger Scientific Industries, Inc.) to disperse aggregates. Thin
film specimens were formed over holey carbon films and vitrified by quenching
them in liquid ethane cooled by liquid nitrogen according to standard pro-
cedures (9, 16). Specimens were observed in a Philips CM120 electron mi-
croscope equipped with a liquid N,-cooled model 626 Cryoholder (Gatan, Pleas-
anton, Calif.) and anticontamination blades. The grids were surveyed at low
magnification for areas with ice of suitable thickness and appropriate particle
concentrations by using a Gatan RMC 794 slow-scan charge-coupled device
camera. Micrographs were recorded on Kodak SO-163 film at a nominal mag-
nification of X36,000 by using low-dose procedures. For size calibration, SCMV
capsids were mixed with purified T4 bacteriophages, and the axial spacing of the
T4 tail sheath was used to calibrate the dimensions of capsids recorded in the
same micrographs (10).

Image processing and reconstruction. Images used in this analysis were eval-
uated by optical diffraction, and the best images were scanned at 0.70 nm/pixel
with a Perkin-Elmer 1010MG microdensitometer. The software and procedures
were as described earlier (2, 22, 23). These images had their first zeros of the
contrast transfer function (CTF) at frequencies varying from (1.9 nm)~! to (2.5
nm)~'. For those images whose first zero frequency was less than (2.2 nm) ™!, we
computationally inverted the phases of the Fourier terms beyond the zero, i.e., in
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the second lobe of the CTF. Particles were extracted from the scanned fields and
preprocessed by a semiautomatic procedure (17). For the nuclear B-capsid
reconstruction, initial estimates of the orientation angles were obtained for a
base set of particles by the polar Fourier transform (PFT) method of Baker and
Cheng (1), with an appropriately scaled map of HSV-1 B-capsids (17) taken as
starting model. Using these orientations, a density map was calculated and used
in the first of several subsequent cycles of PFT-based refinement of these par-
ticles’ orientations and to solve additional particles. The final reconstruction
combined 350 capsids from five micrographs into a three-dimensional density
map with a resolution of 2.2 nm, according to the FRC3D criterion (17).

Cytoplasmic B-capsids were divided by visual criteria into three classes: lightly,
moderately, and heavily tegumented. The three classes were analyzed separately,
and corresponding maps were calculated, by using the nuclear B-capsid as a
starting model in each case. The lightly tegumented capsid map included 121
capsids from 4 micrographs for a resolution of 2.2 nm; the moderately tegu-
mented map included 257 capsids from 16 micrographs for a resolution of 2.2
nm; and for the heavily tegumented capsids, 79 images from the same 16 micro-
graphs were used for a resolution of 2.5 nm. The smaller number of the latter
particles reflects both their relative rarity and a lower success rate in determining
reliable orientations. To calculate the radial density profile of the inner shell, 15
particles with seemingly well preserved, i.e., round and symmetrical, cores were
selected, their surface shells were stripped away (3), and their exposed cores were
aligned by cross-correlation methods and then averaged. Further noise reduction
was effected by azimuthal averaging, and from this projection a radial density
profile was calculated (61).

To estimate the molecular weights of the two tegument proteins, their volumes
were estimated and expressed as masses by using a conversion factor of 0.78
kDa/nm>. To obtain the volume estimates, portions of the difference maps
(moderately tegumented minus nuclear) and (heavily tegumented minus mod-
erately tegumented) were excised in which the respective molecules were well
represented (see Fig. 5c and d). The numbers of voxels in the corresponding
envelopes of continuously connected density were then calculated. For the cap-
somer-capping protein, the molecule overlying the penton was used. Two esti-
mates of volume were obtained in each case and define the limits of the range
quoted (see Results). They represent the use of differing contour levels and
correspond respectively to the nuclear capsid containing 100 or 120% of the
expected mass (17).

RESULTS

Nuclear and cytoplasmic B-capsids: protein composition.
Cultured human fibroblasts were harvested 5 days after infec-
tion and separated into nuclear and cytoplasmic fractions after
treatment with the detergent NP-40 to disrupt membranes.
B-capsids were then isolated from both fractions by rate-ve-
locity sedimentation through sucrose gradients. Their protein
compositions were then evaluated by SDS-PAGE (Fig. 1) and
are indistinguishable with respect to their contents of capsid
proteins (i.e., MCP, AP, mCP, mC-BP, and SCP in Fig. 1).
They differed, however, in that cytoplasmic B-capsids contain
several proteins whose electrophoretic mobilities correspond
to those of proteins previously classified as tegument compo-
nents (24, 25, 28, 67), the strongest of which is the 119-kDa
basic phosphoprotein (BPP; also called pp150 for HCMV).
There are also several closely spaced bands in the size range of
the 69-kDa upper-matrix protein (UM; also called pp71 for
HCMYV) and the 66-kDa lower-matrix protein (LM, also called
pp65 for HCMV), as well as a small amount of the 205-kDa
high-molecular-weight protein. None of these SCMV tegu-
ment proteins has been cloned and sequenced, but each ap-
pears to be the counterpart of an HCMYV protein that has been
so characterized (25).

Nuclear and cytoplasmic B-capsids: morphology. Typical
cryomicrographs of both capsid preparations are presented in
Fig. 2. Nuclear B-capsids (Fig. 2a) have a thick-walled outer
shell with peripheral serrations. The angularity of a given pro-
jection and the sharpness of its serrations vary according to the
viewing direction, as with equine herpesvirus 1 (EHV-1) (3) and
HSV-1 (e.g., references 43 and 73). The only marked differ-
ence between nuclear B-capsids of SCMV and those of the
alphaherpesviruses is their inner ring of density, which repre-
sents the projection of an internal protein shell. This ring is
present in >90% of these capsids, the remainder being empty,
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FIG. 1. Comparison of the protein compositions of nuclear and cytoplasmic
B-capsids of SCMV (Colburn) by SDS-PAGE with protein detection by staining
with Coomassie brilliant blue. Additional proteins are present in the cytoplasmic
capsid preparation. Abbreviations (25, 28): HMWP, high-molecular-weight pro-
tein (205 kDa, homolog of HCMV ULAS protein); MCP, major capsid protein
(151 kDa, homolog of HCMV ULS86 protein); BPP, basic phosphoprotein (119
kDa, homolog of HCMV UL32 protein); “mp” refers to the several bands in the
molecular-weight range of the upper- and lower matrix proteins (UM, 69 kDa, is
the homolog of HCMV ULS2 protein, and LM, 66 kDa, is the homolog of
HCMYV ULS3 protein); AP, assembly protein (30 kDa, mature form, i.e., pro-
teolytically processed; homolog of HCMV ULS0.5 protein); mCP, minor capsid
protein (35 kDa, homolog of HCMV ULSS5 protein); mC-BP, minor capsid
binding protein (33 kDa, homolog of HCMV ULA46 protein); SCP, smallest
capsid protein (~8 kDa, homolog of HCMV UL48/49 protein).

like A-capsids. As discussed below, we interpret this internal
structure to be the “small core” previously described in in situ
electron microscopic observations of B-capsids (e.g., reference
47).

Cytoplasmic B-capsids are less uniform in appearance (Fig.
2b). Many of them (40 to 50%) resemble nuclear B-capsids.
The remainder have additional material attached to their outer
surface: of these, a subset of ~8% carry markedly greater
amounts of this material (Fig. 2b, arrows). Consistent with its
location on the outer surface of the capsid and the presence of
specific tegument proteins in this preparation (Fig. 1), we in-
terpret this material as tegument and view the three classes of
particles as varying in the extent to which they have acquired or
retained such proteins. We refer to them as lightly, moderately,
and heavily tegumented cytoplasmic B-capsids, respectively,
noting that these are relative terms and that, in virions, the
capsid may be still more heavily tegumented. Most of the
heavily tegumented B-capsids (55 to 60%) had little or no
internal density: in contrast, only ~8% of the remaining cyto-
plasmic B-capsids were empty, a finding similar to the propor-
tion of empty nuclear B-capsids (~9%).

To obtain unobstructed views of the inner shell, the copro-
jected surface shell was computationally erased from a set of
particles by subtracting reprojections of a three-dimensional
density map of the capsid (see below) that had been emptied
by setting its internal densities to the background value. A
gallery of cores is shown in Fig. 2c: some are more circularly
symmetric than others, and it is likely that they represent cores
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in a relatively good state of preservation (see Discussion). The
averaged core image shows two closely spaced concentric rings
and a central patch of density (Fig. 2c, rightmost panels).

Nuclear B-capsids of SCMV and HSV-1 compared. To ex-
amine the structure of the nuclear B-capsid, we calculated a
three-dimensional density map to a 2.2-nm resolution (Fig. 3a
and d). The molecular architecture of the capsid is largely
conserved between SCMV and other previously characterized
herpesviruses, i.e., in the T=16 triangulation geometry; in the
overall shape of the large and elaborate capsomers, whose
columnar protrusions extend ~10 nm out from the contiguous
“floor”; and in the presence of triplexes at the threefold sites
between capsomer protrusions. On the HSV-1 capsid, the 12-
kDa VP26 (UL35) protein (20, 41) is present around the outer
rims of the hexons but absent from the pentons (11, 65, 72, 73).
We infer that this property also is reproduced in SCMV be-
cause the protuberances around the rims of its hexons are
considerably larger than those on the pentons (cf. Fig. 3a and
b and 6a). Thus, the additional outer part of the SCMV hexon
protuberance represents a monomer of SCP (~8 kDa [32]), its
counterpart to VP26 (see Fig. 6b).

At a more detailed level, differences are apparent between
the outer surfaces of the HSV-1 and SCMV capsomers (cf. Fig.
3b and c), whereas the inner surfaces are almost superimpos-
able (cf. Fig. 3e and f). The main structural distinctions relate
to the outer parts of the respective hexon protrusions, which lie
in different orientations relative to the surface lattice. More-
over, they have different shapes: in SCMV, unlike HSV-1,
there are deep notches between the protuberances around the
outer rims of the capsomer protrusions (cf. Fig. 3b and c),
suggesting that the corresponding portions of their major cap-
sid proteins are folded differently. Their respective triplexes
also have somewhat different shapes.

The SCMV capsid is slightly larger than the HSV-1 capsid,
as assessed in terms of spherically averaged radial density pro-
files (Fig. 4). In outer radius, it is ~2% larger but the inner
radius is ~4% larger, the SCMYV shell being slightly thinner.
Both radial profiles show three peaks in the surface shell,
between ~50 and 65 nm. For SCMYV, the second peak is lower
relative to the first peak than for HSV-1.

Radial organization of nuclear and cytoplasmic B-capsids.
The material adhering to heavily tegumented cytoplasmic B-
capsids appears not to be arranged with perfect icosahedral
symmetry, to judge by its irregular appearance. We found it
more difficult to determine their orientations than for other
capsids in the same micrographs, presumably because of this
material. Nevertheless, enough particles (79 in all) were solved
to yield a well defined map at 2.5-nm resolution. We also
generated maps at a 2.2-nm resolution from larger numbers of
moderately and lightly tegumented B-capsids.

Averaged radial density profiles were calculated from these
maps, and those of the lightly and heavily tegumented B-
capsids are compared in Fig. 4 with that of nuclear B-capsids.
In the inner part of the capsid shell, i.e., between radii of ~48
and ~58 nm, the curves of the lightly and heavily tegumented
B-capsids are superimposable and differ slightly in relative
peak heights from that of the nuclear B-capsid, which may
reflect slight conformational differences between them. From
~58 to ~65 nm, the profile of the heavily tegumented B-capsid
overlies that of the lightly tegumented B-capsid by a small
margin, and both have more density in this region than the
nuclear B-capsid. Between 65 and 70 nm, the additional outer
density of heavily tegumented B-capsids becomes more evi-
dent.

SCMYV B-capsids contain an inner shell, which lies between
radii of ~20 and ~40 nm and is separated from the surface
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FIG. 2. Cryoelectron micrographs of purified SCMV B-capsids (nuclear [a] and cytoplasmic [b]). (b) Several heavily tegumented capsids are marked with arrows
in panel b. Also present in panel a is a phage T4 virion, which was included because its tail provided an internal magnification standard. Bar, 100 nm. (c) Gallery of
cores of nuclear B-capsids. The three left panels show such a capsid and the separated images of its surface shell and core. Bar, 50 nm. The next three panels show
the cores of other capsids. The last two panels show an averaged image of the core and a radial density profile calculated by rotational averaging of this image. They
disclose a double ring surrounding some central density. The tick mark on the x axis of the density profile denotes a radius of 50 nm.
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FIG. 3. Reconstructed density map of nuclear B-capsids of SCMV at 2.2-nm resolution, viewed along an axis of twofold symmetry showing the outer surface (a)
and the inner surface (d). Bar (d), 10 nm. To allow comparison with the HSV-1 capsid (at 2.4-nm resolution, reproduced from reference 17), corresponding features
centered on the E-hexon, midway between two pentons, are compared in panels b and ¢ and panels e and f: b and e, SCMV; ¢ and f, HSV-1; b and c, outer surfaces;
e and f, inner surfaces. Bar (b), 10 nm. On the outer surface, the orientations of the capsomer protrusions differ between SCMV and HSV-1 (cf. panels b and c). In
principle, this might reflect an arbitrarily different assignment of handedness to the two T=16 density maps (handedness is a subtle feature in nonskewed icosahedral
lattices, such as T=16). However, the relative handedness of the capsids was determined by maximizing the correlation between the two maps, and they match well
in respect to the handedness on the inner surface (cf. panels e and f) and elsewhere. Thus, we consider that the differing orientations of their external protrusions is
a genuine distinction, although the absolute handedness of either capsid has yet to be determined.
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FIG. 4. Radial density profiles of SCMV capsids: nuclear B-capsids (red),
lightly tegumented cytoplasmic B-capsids (blue), and heavily tegumented cyto-
plasmic B-capsids (green). Also shown for comparison (in black) is the profile of
HSV-1 nuclear B-capsids (reproduced from reference 17). The curves were
obtained by spherical averaging of the corresponding three-dimensional density
maps. The inner part of these curves (r < 40 nm, relating to the core) becomes
progressively noisier towards the lower radii, both because of sparser sampling
and because some distorted cores were included in the calculation. An optimized
rendition of this part of the profile, calculated from nuclear B-capsids with
well-preserved cores (see Materials and Methods), is shown below (in gray)
offset, relative to the other curves, for clarity.

shell by a gap of ~10 nm (Fig. 4). In contrast, the internal
proteins of HSV-1 B-capsids, which are not regularly ordered
in a shell but are icosahedrally averaged in the reconstruction,
register no inner edge (cf. Fig. 4). At lower radii, these profiles
become progressively noisier but nevertheless reveal the fol-
lowing features. Their overall shapes are generally similar for
all kinds of SCMV B-capsids, although the profile of heavily
tegumented B-capsids is ~50% lower, reflecting their higher
proportion of empty capsids. The curves all show a minimum at
a radius of ~28 nm and an outer shoulder located between
~33 and ~40 nm.

The inner part of the profile (i.e., at radii of <40 nm) is
smeared because not all particles included in the reconstruc-
tion have well-preserved cores. Some have lesions that suggest
incipient degeneration and other cores are off-centered (Fig.
2a). However, by selecting particles with round, seemingly well
preserved cores and correcting for off-centering, we calculated
an optimized averaged image (Fig. 2c). After rotational aver-
aging to obtain a projection profile, two density peaks are
clearly resolved at radii of ~25 and 30 nm, respectively (Fig.
2¢, rightmost panel). From this curve, an average radial density
profile was calculated (Fig. 4, bottom curve), which shows
more clearly the strong minimum between them at the 28-nm
radius.

Visualization of capsid-tegument interactions. The outer
surfaces of moderately and heavily tegumented cytoplasmic
B-capsids are presented in stereo in Fig. 5a and b. Figure 5c is
a difference map calculated between the moderately tegu-
mented cytoplasmic B-capsid and the nuclear B-capsid. The
two maps are at the same resolution (2.2 nm), and this differ-
ence map is intended to highlight any additional components
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present on cytoplasmic B-capsids. Although there is some
noise that we attribute mainly to minor conformational differ-
ences between the respective shells, the most pronounced dif-
ference is the presence of additional density capping each
subunit of major capsid protein. This density is carrot-shaped,
~6 nm long by ~2.5 nm wide at its midpoint, and oriented with
its long axis tangential to the capsid surface and its tapered end
pointing in towards the symmetry axis of the capsomer (Fig. 6¢;
see also Fig. 5c, lower right quadrant). Similarly shaped fea-
tures overlie both the hexons and the pentons (see also Fig.
8a). Presumably, they represent protein subunits, and we refer
to them as the capsomer-capping protein(s). Consistent results
were obtained with a difference map calculated between lightly
tegumented cytoplasmic B-capsids and nuclear B-capsids (data
not shown).

We also calculated a difference map between the heavily and
moderately tegumented cytoplasmic B-capsids (Fig. 5d) to ac-
centuate components that are present in higher occupancy on
the former. The predominant features of this difference map
are V-shaped densities extending from the triplexes. The tip of
the V makes contact with the triplex, and its legs are ~10 nm
long and 2 to 2.5 nm thick. We infer that the two halves of the
V represent two copies of the triplex-associated protein.

The molecular weights of these proteins were estimated
from their apparent volumes, applying a partial specific volume
typical for protein. We gauged the reliability of the method by
using it to measure the mass of a triplex in a density map of
HSV-1 capsid, contoured to contain 100% of the total mass as
determined by scanning transmission electron microscopy (43).
The value obtained was 130 kDa, ~8% higher than the theo-
retical value of 119 kDa (one copy of VP19c plus two copies of
VP23). In the same way, the mass of the penton-capping pro-
tein was estimated from the SCMV density maps as 50 to 60
kDa and that of the triplex-associated protein as 100 to 120
kDa. We note that, notwithstanding our control experiment,
such estimates may be biased downwards by substoichiometric
occupancy or local disordering.

The outer surfaces of these capsids in the region around a
penton are shown at higher magnification in Fig. 6. The nu-
clear B-capsid is shown in Fig. 6a, a diagram marking its salient
features in Fig. 6b, and the moderately and heavily tegumented
cytoplasmic B-capsids in Fig. 6¢ and d, respectively. The inner
surfaces of all three classes of cytoplasmic B-capsids are es-
sentially identical when depicted at the same resolution. As a
representative, that of the moderately tegumented cytoplasmic
B-capsid (Fig. 6f) is compared with that of the nuclear B-capsid
(Fig. 6e). Minor differences between them (cf. Fig. 6e and f)
suggest that the surface shells of nuclear and cytoplasmic B-
capsids may be in slightly different conformations.

To visualize components that, although not stoichiometric,
are present in sufficient quantity to be discernible in a recon-
struction, it is informative to examine sections through the
maps (Fig. 7). The core is visible in our maps of both the
nuclear B-capsid (Fig. 7a) and the moderately tegumented
cytoplasmic B-capsid (Fig. 7b). The triplex-associated protein
is faintly visible in the moderately tegumented B-capsid (Fig.
7e), whereas in the heavily tegumented B-capsid (Fig. 7f), it is
as strongly represented as the capsid proteins, implying full
occupancy. This protein is anchored on the triplex, passes
along the wall of the capsomer protrusion, makes contact with
the capsomer-capping protein (see Fig. 6¢ and 8a), and then
extends out beyond the protrusions. In all three cytoplasmic
B-capsids, the density associated with the capsomer-capping
protein (Fig. 7h and i, arrows) is similar to that of the major
capsid protein, suggesting full occupancy.

The components of the heavily tegumented cytoplasmic B-



FIG. 5. Stereo pairs presenting the outer surfaces of the moderately tegumented cytoplasmic B-capsid (a) and the heavily tegumented cytoplasmic B-capsid (b) of
SCMV. Also shown are difference maps of the moderately tegumented cytoplasmic B-capsid minus the nuclear B-capsid (c) and the heavily tegumented cytoplasmic
B-capsid minus the moderately tegumented cytoplasmic B-capsid (d). Because we wished to focus on components associated with the outer surface of the capsid, the
internal density was set to zero in both maps to avoid distracting differences from the relatively noisy internal regions. Map c reveals the capsomer-capping tegument
protein, and map d reveals the triplex-associated tegument protein. Bar (a), 10 nm.
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FIG. 6. Peripentonal regions of the outer (a to d) and inner (e and f) surfaces of SCMV capsids. Panels: a, nuclear B-capsid; b, diagram indexing features of note
in panel a, where SCP is the smallest capsid protein present on hexons (gray outer portion of protuberance on top of the hexon subunits) but not on pentons, where
the corresponding protuberance is markedly smaller and rounder; ¢, moderately tegumented cytoplasmic capsid; d, heavily tegumented cytoplasmic capsid. Also shown
are the inner surfaces of the nuclear B-capsid (e) and the moderately tegumented cytoplasmic B-capsid (f). Bar, 10 nm.
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FIG. 7. Central sections (half-plane) through density maps of the nuclear B-capsid (a), moderately tegumented cytoplasmic B-capsid (b), and heavily tegumented
cytoplasmic B-capsid (c) of SCMV. The plane of the 0.4-nm-thick section is perpendicular to an axis of twofold icosahedral symmetry and passes centrally through
pentons (p), peripentonal hexons (h,,), edge hexons (hg), and central hexons (h,) (see Fig. 2 of reference 60 for nomenclature) and triplexes (T). The regions centered
on the hg hexon and the penton from all three maps are compared at higher magnification in panels d to i. The arrows in panels e and f indicate the additional density
on cytoplasmic B-capsids, which is attributed to the triplex-associated tegument protein. This density is faint in panel e and strong in panel f. The arrows in panels h
and i indicate the additional density attributed to the capsomer-capping protein (here, on the penton) on both kinds of cytoplasmic B-capsids. The difference in this
density on either side of the penton occurs because the section plane passes centrally through this protein only on one side of the penton. The distribution of
capsomer-capping protein subunits over the capsid surface is shown in Fig. 5c. Bars (a and d), 10 nm.

capsid, i.e., its capsid shell, the capsomer-capping protein,
and the triplex-associated protein, are distinguished by color
coding in Fig. 8a. The apparent connectivity of the interac-
tions that link them together is shown schematically in Fig.
8b.

DISCUSSION

We have investigated the capsid structure of SCMV, viewed
as a representative betaherpesvirus. To date, the only other
herpesviruses whose capsids have been characterized in com-
parable detail are the alphaherpesviruses, EHV-1 (3) and
HSV-1 (e.g., references 17 and 73), and channel catfish virus

(10), a distant and still-uncategorized relative (19). The mo-
lecular architecture of the nuclear B-capsid of SCMV turned
out to be quite similar to those already described, a finding
consistent with its protein composition being conserved (25,
28). Nevertheless, several differences came to light in the pres-
ent study.

Limited variability in capsid size among herpesviruses. Since
CMVs have the largest genomes of all herpesviruses, one
might expect corresponding adaptations in capsid structure.
However, the average inner radius of SCMV (49.5 nm) is only
slightly greater than those of HSV-1 (47.2 nm) and channel
catfish virus (45.9 nm), whose packing densities are quite sim-
ilar (9). With the same packing density as HSV-1, the SCMV
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FIG. 8. (a) Region surrounding the fivefold axis showing the interactions of
the two major tegument proteins with the SCMV capsid. The capsomer-capping
tegument protein is shown as blue, and the triplex-associated tegument protein
is shown as red. The segmentation was achieved by removing noise from the two
difference maps (Fig. 5c and d) and then recombining them with the nuclear
B-capsid image. Bar, 10 nm. (b) Schematic summary of the interactions that link
the tegument to the capsid. The capsomer-capping tegument protein (blue)
binds to the major capsid protein on top of the capsomer protrusions. Two copies
of the triplex-binding tegument protein (red) diverge from each triplex (the
triplex is shown in panel b as a triangle). This elongated protein contacts the
capsomer-capping protein (blue) on two different capsomers and then extend
outwards. This protein may have an additional domain or domains that extend
beyond the portions sketched in panel b, which are not well visualized in our
density map (panels b and c¢) on account of flexibility or otherwise poor ordering.

capsid would accommodate a genome of ~171 kbp. Although
the SCMV genome has not yet been completely sequenced,
estimates from restriction enzyme digests indicate that its size
is higher at ~209 kbp (33a). The additional DNA could be
accommodated by slightly tighter packing, i.e., reducing the
interduplex spacing of HSV-1 (9) by 7% would give a spacing
of 2.57 nm, which remains reasonable for packaged viral
DNA (cf. 2.54 nm for bacteriophage T7 [15]). In summary,
we expect that other herpesvirus genomes are packed in
much the same “liquid crystalline” fashion as in HSV-1 (9),
whereby substantial variations in genome size may be accom-
modated by proportionately much smaller changes in capsid
dimensions and/or packing density.

The small core of isolated SCMV B-capsids. Most of these
capsids contain an inner shell composed mainly of the assem-
bly protein in its mature, proteolytically processed form (31,
69). Presumably, these structures were originally assembled as
procapsid scaffolds (64) and subsequently contracted upon
proteolytic processing and maturation of the procapsid, in their
transition from large-cored to small-cored B-capsids (49,
62). The large gap between the inner and outer shells (Fig.
4) supports this explanation. Although isolated B-capsids of
EHV-1 (3) and HSV-1 (44) were found to contain irregular
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coagulates of their assembly proteins, their appearance as
small cores in thin sections of infected cells (see, for example,
reference 47) implies that this material was originally orga-
nized like the inner shell of SCMV B-capsids but became
disordered during isolation.

Domain structure of assembly protein. There is strong phys-
ical (3, 50) and biochemical (43) evidence that the small cores
of herpesvirus B-capsids are composed primarily of the scaf-
folding-assembly protein in its proteolytically cleaved form.
Accordingly, examination of the spherical small core of SCMV
may yield some insight into the structure of this key morpho-
genic protein. We confine this discussion to its optimized radial
density profile (Fig. 4, lower curve), which describes the dis-
tribution of mass along this molecule. The profile discloses, in
addition to some material at the center, a shell that is ~16 nm
thick, with peaks separated by a minimum at a radius of ~28
nm. Deferring interpretation of the material at the center, this
profile implies that the 30-kDa assembly protein is an elon-
gated molecule (~16 nm) and consists of two domains sepa-
rated by a low-density linker.

The outer domain is presumably the C-terminal moiety,
since the C terminus of the precursor should interact with the
surface shell (7, 21, 36, 44, 45, 69, 71). We tentatively suggest
that the linker may be an a-helical coiled coil, about four
heptads (4 nm) long, based on scanning the SCMV assembly
protein sequence (68) with a coiled-coil detection algorithm
(40) (unpublished results). Such a coiled coil has been reported
for the assembly protein of HSV-1 (45), and we note that the
radial profile of the inner shell of the HSV-1 procapsid also
exhibits a pronounced minimum (cf. Fig. 6 of reference 64).

Variable tegumentation of cytoplasmic B-capsids. The ori-
gins of cytoplasmic B-capsids and their relationship to the
export pathway of maturing virions are not clear. We obtained
these capsids in significant amounts only at very late times after
infection, when their appearance in the cytoplasm may reflect
deteriorating nuclear and/or cytoplasmic compartmentation.
We consider it unlikely that they derive from infecting virions,
since the majority retain assembly protein, which is absent
from virions. However, about one-half of the heavily tegu-
mented B-capsids (~5% of the total) are coreless, and it is not
ruled out that they represent infecting virions that have dis-
charged their genomes. Heavily tegumented cytoplasmic B-
capsids may represent a more advanced stage of tegumentation
or a subpopulation that fortuitously retained more of its teg-
ument through the isolation procedure. Notwithstanding their
origins or maturation prospects, cytoplasmic B-capsids afford
the possibility of insight into capsid-tegument interactions.

Interactions between capsid and tegument. The three classes of
cytoplasmic B-capsids were reconstructed separately. Compar-
ing these reconstructions with each other and with the nuclear
B-capsid revealed two sites of tegument attachment. On all cy-
toplasmic B-capsids, each capsomer subunit is capped with an
additional protein (Fig. 5c, 7h, and 7i), i.e., this protein is
approximately equimolar with the major capsid protein. Al-
though the proteins that overlie hexons and pentons, respec-
tively, are similar in size and shape and binding site on the
capsomer protrusions, the penton-associated protein may be
slightly longer, and it is not ruled out that more than one
species is involved. Although the smallest capsid protein (SCP)
is present around the outer rim of hexons, the capsomer-
capping protein(s) presumably binds to the major capsid pro-
tein, since it is also present on pentons, which lack the SCP (cf.
Fig. 6a to c).

The second protein that we have detected has a V-shaped
structure, whose tip is anchored on a triplex and whose “legs”
diverge outwards. This protein makes contact with the cap-
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somer-capping protein at the tips of neighboring capsomer
protrusions, before it extends into the outer region of diffuse
density (Fig. 5d and 7f). This triplex-associated protein is
faintly visible in the moderately tegumented B-capsid, reflect-
ing low occupancy, and is strongly visible in the heavily tegu-
mented B-capsid, reflecting nearly complete occupancy (cf.
Fig. 7e and f). As noted above, it is likely to be a dimer, in
which case it should be bound to the minor capsid protein (the
counterpart of VP23 of HSV-1 [43]), which is present in two
copies per triplex (6). At full occupancy, there would be 640
copies of this protein per capsid.

Candidates for the capsid-binding tegument proteins. Cur-
rent evidence does not allow conclusive identification of ei-
ther protein. However, by correlating their molecular sizes and
abundances, as estimated by electron microscopy and with
corresponding data from SDS-PAGE, we can identify possible
candidates.

The triplex-associated protein M, value was estimated to
be 100,000 to 120,000, which tallies with BPP (~119,000).
Its molar ratio relative to the major capsid protein in this
preparation was approximated from the observed proportions
of lightly, moderately, and heavily tegumented B-capsids, and
its amount on each, as given by its map density relative to that
of the major capsid protein and a stoichiometry of two copies
per triplex. This calculation yielded a figure of ~0.15, which is
in reasonable agreement with the value obtained for BPP by
quantitating the stained gel bands (i.e., 0.13). At full occu-
pancy, the triplex-associated protein would have a molar ratio
of 0.67 relative to the major capsid protein, which is close to
the value of 0.8 estimated for BPP in virions (37). These cor-
relations suggest BPP as a plausible candidate for this protein.

We estimate the capsomer-capping protein(s) to be ~50 to
60 kDa and close to equimolar with the major capsid protein.
Cytoplasmic B-capsids contain proteins in this size range (cf.
Fig. 1), but the complexity and close spacing of the protein
bands in this region of the gel precluded reliable quantitation.
The only known tegument proteins in this size range that are of
appropriate abundance in virions are the matrix proteins, UM
and LM (26, 37). UM has been reported to be equimolar with
the major capsid protein (25, 37), whereas LM has been found
to vary considerably in amount among the different strains of
CMV (38) and is not required for virion assembly (55). These
considerations may favor UM as a candidate. However, further
data are required to test this hypothesis.

Binding of other tegument proteins. Our reconstructions
assume icosahedral symmetry and thus reveal only the most
highly ordered part of the tegument, the part in direct contact
with the capsid shell. As such, these observations represent
only a first step towards an account of the molecular organi-
zation of the tegument. Nevertheless, they imply that the cou-
pling of the SCMV tegument to its capsid is not confined to
pentons (66) but is instead distributed all over the capsid sur-
face.

Each copy of the major capsid protein, in hexons and pen-
tons alike, is capped with an additional protein. If this cap-
somer-capping protein is a single species, it differs in this re-
spect from the SCP which binds only to hexons (cf. Fig. 6a) as
a consequence of differences between the penton and hexon
conformations of the major capsid protein (70). We have con-
jectured (70) that the absence of SCP from pentons may confer
the advantage of diversifying the binding sites presented on the
capsid surface, which could facilitate the binding of different
tegument proteins. However, if the same capsomer-capping
protein binds to both hexons and pentons, this opportunity is
not exploited in tegumentation, at least, for SCMV. It may,
however, be relevant to interactions in which the capsid en-
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gages at other stages of the replication cycle (cf. references 5,
34, 35, 46, and 58).

A diffuse outer halo of density is seen in the maps of mod-
erately and heavily tegumented B-capsids (Fig. 2b, Fig. 4, and
Fig. 7b and c), indicating that some proteins are present in this
region, albeit in a disordered state. The triplex-associated pro-
tein extends into this region, where it may serve as a platform
for other tegument components. However, the mechanisms
whereby they are selected and bound, and how they may func-
tion in envelopment or in other viral functions, remain to be
addressed.
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